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3.  Progress  and  Accomplishments 

Since  the  most  completely  version  is  in  the  publication  listed  in  the  2"^’  item  in  (1),  most  of  the 
contents  will  be  repeated  here. 

The  Inverse  Nottingham  Effect  (INE)  cooling  involves  emission  of  electrons  above  the  Fermi  level  into 
the  vacuum.  Our  scheme  involves  the  use  of  a  Double  Barrier  Resonant  Tunneling  (DBRT)  section 
positioned  between  the  surface  and  the  vacuum  for  a  much  increased  emission,  and  to  provide  energy 
selectivity  for  assuring  cooling,  without  surface  structuring  such  as  tips  and  ridges  leading  to  current 
crowding  and  additional  heating.  Unlike  resonant  tunneling  from  contact-to-contact,  where  barrier 
heights  and  thickness  are  controlled  by  the  choice  of  heterojunctions,  the  work  function  at  the  surface 
dictates  the  barrier  height  for  tunneling  into  the  vacuum.  The  calculated  field  emission  via  resonant 
tunneling  gives  at  least  two  orders  of  magnitude  greater  than  without  resonance,  however,  without  work 
function  lowering,  the  large  gain  happens  at  fairly  high  field.  The  use  of  resonance  to  enhance  cooling 
by  INE  results  in  an  important  byproduct,  an  efficient  cold-cathode  field  emitter  for  vacuum  electronics. 


Introduction 

The  original  Nottingham  effect  dealt  with  the  additional  thermal  effects  beyond  the  non-ohmic 
behavior  field  emission  from  metal  tips.*  The  Inverse  Nottingham  Effect  (INE)  cooling  involves 
emission  of  electrons  above  the  Fermi  level  into  the  vacuum.^"^  Our  scheme  involves  the  use  of  a 
Double  Barrier  Resonant  Tunneling  (DBRT)  section  positioned  between  the  surface  and  the 
vacuum  for  a  much  increased  emission,  and  to  provide  energy  selectivity  for  assuring  cooling, 
without  surface  structuring  such  as  tips  and  ridges  leading  to  current  crowding  and  additional 
heating.  Two  approaches  appeared:  (1)  The  G-T,  Greene-Tsu,  scheme  consists  of  inserting  a 
double  barrier  resonant  tunneling  section,  between  the  surface  of  the  semiconductor  to  be 
cooled  and  the  vacuum.  (2)  The  K-L,  Korotkov-Likharev,  scheme  consists  of  a  step  inserted 
between  the  semiconductor  and  the  vacuum.  Under  the  application  of  a  high  electric  field,  the 
step  forms  a  triangular  quantum  well  for  resonance  tunneling.'*  The  G-T  scheme  offers  better 
flexibility  in  design  possibility  for  optimizing  cooling  while  keeping  the  electric  field  at  the 
surface  to  a  ‘safe  limit’.  The  K-L  scheme  is  simple,  however,  because  the  step  is  a  barrier 
material,  usually  formed  by  alloying  resulting  in  lower  mobility  and  hence  lower  efficiency. 
There  is  a  basic  principle  of  symmetry  when  resonant  tunneling  is  involved.  The  maximum 
transmission  at  resonance  requires  a  symmetrical  structure.  It  is  easy  to  understand  the  need  foi  a 
symmetrical  structure.  Imagine  that  a  resonant  cavity  for  photons,  the  Fabry-Perot  interferometer 
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having  one  surface  reflectivity  much  larger  than  the  other,  then  it  is  not  possible  to  build  up  the 
field  from  coherent  interference  without  a  symmetrical  structure.  In  DBRT,  if  one  designs  a 
symmetrical  structure  without  a  bias  voltage  applied,  the  applied  voltage  will  destroy  the 
symmetry.  Therefore  it  is  important  to  design  the  barrier  structures  as  symmetrical  as  possible  at 
the  operating  resonant  condition.  Thus  it  is  necessary  to  design  a  symmetrical  potential  profile  at 
the  operating  voltage.’  Unlike  resonant  tunneling  from  contact-to-contact,  where  barrier  heights 
and  thickness  are  controlled  by  the  choice  of  heterojunctions.  For  tunneling  into  the  vacuum,  the 
work  function  at  the  surface  dictates  the  barrier  height.  And  this  is  the  difficulty  in  optimizing 
tunneling  into  the  vacuum  via  DBRT,  because  typically  the  first  barrier  height  is  ~  few  tenth  of 
eV  above  the  quantum  well,  but  the  2"'*  barrier,  is  determined  by  the  work  function,  usually 
several  eVs  above  the  quantum  well.  One  may  assume  that  a  very  thick  U*  barrier  can  match  the 
high  work  function  of  the  2"**  barrier.  In  principle  it  is  possible,  however,  the  quantum  state  with 
thick  barriers,  instead  of  a  resonant  state,  is  practically  an  eigenstate,  having  almost  no  energy 
width  to  support  a  large  tunneling  current.  Therefore,  we  have  concluded  that  the  best  way  is  to 
search  for  a  2"*’  barrier  with  very  low  work-function.’  For  this  reason,  under  the  HERETIC 
DARPA/ARO  program,  we  have  been  pushing  the  structure  with  Ill-nitrides.  In  view  of  the 
conflicting  claims  of  negative  electron  affinity  for  AlGaN  with  [Al]  /  [Ga]  over  60%,  and  also  it 
is  doubtful  that  such  material  may  have  good  mobility,  we  calculated  cases  where  we  do  not 
need  the  low  work  function.  Basically,  we  know  that  resonant  tunneling  can  enhance  field 
emission.  We  want  to  see  how  much  gain  over  the  usual  Fowler-Nordheim  tunneling.  It  is  indeed 
encouraging  that  the  calculated  field  emission  via  resonant  tunneling  is  several  orders  of 
magnitude  above  the  F-N  tunneling  at  a  surface  field  of  several  lO’  V/cm.  And  if  we  consider  a 
surface  field  of  up  to  ~  2xl0’  V/cm,  it  is  2-4  orders  of  magnitude  higher.  Tor  cooling,  it  is 
important  to  extract  the  emission  current  with  the  Pierce-electrode,^'*  which  is  difficult  to 
implement,  so  that  some  of  the  power  at  the  anode  can  be  recovered  as  in  traveling-wave  tube 
designs.*  Removing  the  heat  at  the  anode  is  identical  to  removing  the  heat  from  the  heat 
exchanger  in  any  air  conditioner.  Even  if  all  these  practical  problems  cannot  be  overcome,  there 
is  a  huge  byproduct.  Field  emission  with  resonance  results  in  an  efficient  cold-cathode  field 
emitter  for  vacuum  electronics,  which  is  particularly  important  in  high  power  TWT! 


Background 

Originally  G-T  scheme  targeted  the  use  of  a  p-type  semiconductor  to  produce  surface  inversion 
as  in  the  MOSFET  to  pull  electrons  above  the  Fermi  level  into  the  vacuum,  [2]  while  the  K-L 
scheme  targeted  the  use  of  n-type.^  We  exclude  the  usual  approach  of  surface  structuring  such  as 
tips  and  ridges  [9],  because  tips  result  in  current  crowding  which  leads  to  heating  and  the 
problem  of  robustness.  This  is  the  main  reason  why  we  decided  on  the  use  of  DBRT  to  enhance 
field  emission  into  the  vacuum.  For  the  convenience  of  the  reader,  the  original  G-T  scheme  for  p- 
doped  semiconductors  method  in  Fig.l  of  Ref.  2  is  shown  below  as  Fig.  1.  It  was  shown  that  the 
average  energy  per  electron  above  the  Fermi  level  at  the  surface  representing  cooling  is 

<E-Ef>  =  A"' [1.5  kfi  T  + ( Eco-Ef  ) ]  ,  (1) 
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in  which  A"*  term  represents  a  reduction  factor  due  to  the  presence  of  tunneling  upsetting  the 
balance  between  generation  and  recombination  at  thermal  equilibrium.^  Also  for  the  convenience 
of  the  reader,  the  K-L  scheme  taken  from  Ref  4  is  reproduced  in  Fig.  2. 


Vacuum  j  RTDBj  p-semiconductor 


Fig.l  G-T  (Greene-Tsu)  scheme:  Band  profile  of  p-doped  inversion  layer  under  high 
electric  field  with  tunneling  into  the  vacuum  via  a  DBRT  structure.  Also  shown  is 
trapping  level  at  the  interface,  Nt,  to  be  incorporated  for  increased  replenishment  of 
electrons  pulled  out  into  the  vacuum. 


m  Si  =  0.2  mo 

(a)  (b) 

Fig.2  Band  profile  of  the  proposed  emitter  (a)  no  field,  (b)  with  field.  Horizontal  lines 
in  (b)  show  quantized  sub-bands.  Arrows  show  RT  via  the  sub-bands.  The 
lowest  sub-band  is  placed  at  few  ksT  above  the  Fermi  level  so  that  cooling 
occurs  with  removal  of  hot  electrons  of  the  emitter.  Taken  from  Ref.  4. 
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Figure  2  of  Ref.  7  that  was  missing.’  It  is  reproduced  as  Fig.  3,  showing  without  NBA 
(negative  electron  affinity),  the  2"**  barrier,  the  one  next  to  the  vacuum  is  so  much  thicker  except 
under  extremely  high  field,  so  that  tunneling  current  is  quite  small  as  in  (c). 


(a)  (b)  (c) 

Fig  3:  Three  cases:  (a)  no  applied  voltage  with  NBA  (negative  electron  affinity),  (b)  with 
applied  voltage  and  NBA,  and  (c)  same  as  (b)  but  without  NBA,  resulting  in  a 
large  barrier  marked  as  B;  depending  on  the  value  of  the  applied  voltage,  the 
tunneling  current  into  the  vacuum  is  generally  substantially  reduced. 


Whenever  one  barrier  is  much  thicker  than  the  other,  the  transmission  coefficient  is  much 
reduced.  As  mentioned  that  the  restoration  of  symmetry  is  key  to  the  success  of  high  gain  at 
resonance  in  a  DBRT  structure,  the  transmission  T  and  the  maximum  T,  Tm  presented  in  Ref  7 
are  repeated  here  especially,  due  to  printer’s  error,  the  figures  were  missing  in  Ref  7.  The 
reflectivity  and  phase  shift  of  a  single  barrier  are,  ’ 


R  =  (k’+a’)  ’  /  [(k’+a’)  ’  +  4  k’  a’  F’], 

(2) 

(j)  =  tan'’  [2kaF  /  (a’-  k’)  ], 

(3) 

in  which  cc^  =  oco’ ■  k’,  and  F  —  (1+e’*^*’)  /  (1-e’*^*^),  and  k  —  2m*B/  h  ,  cCq  2m*Vo/ ^  , 
where  Vo  and  b  being  the  barrier  height  and  width  respectively.  The  transmission,  T  for  well- 
width  w  is 


T  =  T1T2  /  [(1  -  R  i)(l  -  R  2)  /  (1  +  Ri  R2  -  2  (Ri  Ra)  cos  O] ,  (4) 

in  which  O  =  (|)i  +  (t)2  +  2kw.  At  resonance  O  =  2n7i,  so  that  the  maximum  T  is 

Tm  =  T1T2  /  [(1  -  R  i)(l  -  R  2)  /  (1+  (Ri  R2)  ‘'^)]-  (5) 

The  calculated  Tm  is  shown  in  Fig.  4  for  various  Ri  and  R2.  Note  that  near  unity  Tm  only  occurs 
for  Ri~R2.  This  is  because  unity  Tm  is  obtained  when  the  two  reflectivities  are  equal  for 
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maximum  interference.  As  long  as  the  structure  is  symmetrical,  the  transmission  at  resonance  is 
always  unity.  Whenever  one  of  the  Ri  and  R2  is  high,  the  other  R  must  also  be  high  to  give  a 
large  Tm-  For  relatively  low  value  of  the  reflectivity  R,  Q  (Q  is  the  quality  factor  of  a  resonating 
system  defined  by  number  of  cyeles  a  photon  is  confined  before  it  decays  to  1/  e  of  the  initial 
value.)  is  low,  and  it  does  not  take  many  traversals  to  produce  a  relatively  high  transmission. 
This  is  why  we  need  thin  barriers  to  produce  high  throughput.  Since  thin  barrier  needs  low  work 
function  or  NBA,  Ill-nitrides  seems  to  be  the  best  choice  at  this  point. 

Figures  4  is  really  very  important  for  optimizing  the  design  of  RTDs,  but  for  RTFE, 
resonant  tunneling  field  emission,  the  vaeuum  level  is  fixed  by  the  work  function,  so  that  there  is 
not  much  one  can  do  about  it.  Optimization  amounts  to  picking  the  right  materials  for  the 
construction  of  the  DBRT  structure. 


Fig.  4:  Tm  vs.  the  ratio  R2  /  Ri  for  various  Ri.  Ri  and  R2  are  the  reflectivity  at  the  first- 
and  second-barrier.  Note  that  for  Ri  >  0.95,  Tm  is  only  significant  for  R2/R1  >  0.9. 

Direct  computations  for  the  tunneling  current  into  the  vacuum  at  resonance  have  been  performed 
in  this  work.  We  found  that  the  estimate  for  the  thermal  current  for  cooling  of  ~  300  -  2000 
W/cm^  in  Ref  2,  is  too  optimistic  because  in  the  previous  estimate,  the  difference  in  the  effective 
mass  in  the  semiconductor  and  the  free  electron  mass  in  the  vacuum  was  not  accounted  for. 

Computation  of  the  RTFE 

We  have  undertaken  the  direct  computation  of  RTFE,  resonant  tunneling  field  emission, 
for  n-type  semieonductors  with  the  barrier  struetures.  Although  we  have  stated  several  times  that 
III-  nitrides  appear  to  be  the  most  promising  materials,  we  selected  silicon  for  the  calculation 
because  as  we  shall  see  that  we  are  far  from  obtaining  practical  design  optimization  partly 
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because  resonant  tunneling  into  the  vacuum  is  far  more  complex  than  resonant  tunneling  from 
contact-to-contact.^’®  We  want  to  establish  some  rules  governing  high  emission  at  a  given  electric 
field  with  the  available  material  parameters.  We  start  with  the  ,Tsu-Esaki  approach^  by 
integrating  the  transmission  T  given  by  the  matrix  relating  the  input  at  the  left  contact  to  the 
output  at  the  right  contact  with  the  appropriate  distribution  and  density  of  states  functions  for  the 
total  tunneling  current  density,  the  sum  of  jir,  from  left  to  right;  and  jri,  from  right  to  left,  or 


emkgT 


firpin 


E, 


dE, 


Eq.  (6)  contains  an  extra  term,  under  the  square  root,  a  correction  term  added  in  by  Coon  and 
Lieu.^®  This  correction  term  is  not  so  important  in  tunneling  from  contact-to-contact,  but 
significant  for  tunneling  from  contact-to-vacuum  where  Vgmay  be  quite  large.  Before  we  present 
cases  of  interest,  let  us  define  some  terms  useful  for  the  remaining  of  this  article.  For  emission  to 
into  the  vacuum  useful  as  a  cold  cathode,  we  need  the  total  current  jx  defined  by  an  integration 
for  E  =  0  to  00 .  For  cooling,  because  we  only  remove  the  hot  electrons,  the  current  Jh  is  defined 
by  an  integration  for  E  =  Ep  to  oo .  Fig.  6  gives  the  comparison  of  the  transmission  coefficients 
of  a  structure,  5,5,7nm  (the  1®*  barrier  width,  b,  of  5nm,  and  quantum  well  width  w  of  5nm,  and  a 
vacuum  barrier,  the  2"**  barrier  of  w  =  7nm),  and  one  without  resonant  tunneling  having  only  the 
2"**  barrier  of  7nm,  the  F-N  tunneling.  For  better  visualization,  portion  of  Fig.  6  is  plotted  in 
linear  scale  shown  in  Fig.  7. 


Fig.  6  Transmission  vs.  energy  in  eV  with  and  without  applied  voltage  Va  =  6  V 
corresponding  to  an  electric  field  in  the  vacuum  of  7.5x10^  V/cm.  1*‘  Barrier 
height  =  0.5eV  and  2"'*  Barrier  height  ( vacuum  side)  =  4  eV 


8 


ARO/DARPA  Final  AMXRO-ICA  40067-EL  DAAD 19-99-0 154 


Fig.7  Transmission  vs.  energy  with  linear  plot  in  the  range  of  interest  where  T*T  is  large. 

It  is  important  that  we  discuss  these  two  figures  because  the  transmission  is  rather 
different  from  the  conventional  tunneling  from  contact-to-contact.  Take,  for  example,  the  5-5-7 
case,  the  three  peaks  near  E  ~  0  represent  the  resonance  via  the  quantum  well  states.  The  peak 
values  are  so  small  because  the  structure  is  very  asymmetrical  due  to  the  high  2"'’  barrier  of  4  eV. 
In  fact  we  thought  that  the  computation  was  incorrect  because  we  failed  to  find  the  resonant 
tunneling  peaks  first.  After  realizing  that  the  value  of  these  peaks  may  be  so  small  that  we  missed 
them,  we  proceeded  to  look  for  them,  and  we  found  them  as  shown  in  Fig.  6.  For  E  >  0.5  eV, 
there  are  small  structures  due  to  interference  just  above  the  0.5eV  of  the  barrier  height.  There 
are  no  substantial  resonant  states  until  the  energy  is  above  the  vacuum  level,  at  E  >  4  eV.  The 
large  oscillation  of  T*T  between  0  and  1  comes  from  resonant  states  in  the  vacuum  due  to  the 
vacuum  barrier.  This  point  is  not  too  familiar  to  most  although  several  years  ago  similar 
phenomena  were  treated  regarding  the  physics  of  ‘Quantum  Step’.  [11]  In  fact  these  resonant 
states  in  the  vacuum  can  be  calculated  very  simply  from  kn  =  nix  /  B,  with  B  being  the  distance 
between  the  surface  of  the  semiconductor  and  the  anode  placement  in  the  vacuum.  With  an 
applied  +V  with  respect  to  the  cathode,  T*T  shifts  to  the  left.  This  shift  is  same  as  resonant 
tunneling  from  contact-to-contact.  For  a  symmetrical  structure,  the  spectrum  is  shifted  by  an 
amount  in  energy  very  close  to  V/2.  Why  is  the  magnitude  of  the  oscillations  so  huge?  What  is 
happening  is  the  fact  that  at  higher  energy,  the  barrier  and  the  well  region  play  almost  no  role. 
The  bulk  of  the  oscillation  is  due  to  the  vacuum  barrier.  The  discontinuity  of  the  barrier  is  further 
augmented  by  the  difference  of  the  effective  mass  in  the  semiconductor,  and  free  electron  mass 
in  the  vacuum.  These  oscillations  are  nearly  the  same  for  the  case  shown  in  dotted  having  only 
the  vacuum  barrier.  Figure  7  shows  a  linear  plot  to  give  a  better  feeling  what  is  happening.  Note 
that  as  the  applied  voltage  increases,  these  large  oscillations  of  T*T  move  toward  the  origin  as 
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discussed.  When  they  pass  the  Feraii  level  of  the  left  contact,  substantial  tunneling  current 
appears.  Again  we  emphasize  that  it  only  occurs  at  high  electric  field,  >  lO’  V/cm.  This  type  of 
oscillation  of  resonant  tunneling  via  the  quantized  vacuum  state  cannot  be  obtained  by  the  use  of 
WKB  perturbation  usually  used  for  computing  tunneling.  In  fact  Mimura  et.  al.  showed  the 
comparison  of  tunneling  emission  fi'om  metal-oxide  cathode  computed  from  the  exact  numerical 
results  and  the  WKB  approximation  clear  demonstrated  the  absence  of  oscillation  with  the  WKB 
method.'^ 


Fig  8  The  calculated  total  turmeling  current  density  vs.  the  applied  electric  field  for  three 
cases:  dotted  for  the  vacuum  barrier  of  7  nm  only,  dashed  for  1-5-7  nm,  and  solid 
for  10-5-7. 

Figure  8  shows  the  calculated  tunneling  current  from  Eq.  (6).  Our  results  are  only  valid 
provided  the  quantum  well  region  is  shorter  than  the  coherence  length  which  is  ~  10  nm,  because 
no  scattering  is  accounted  as  in  the  case  of  including  dissipation  factors.*^  With  a  large  applied 
voltage,  most  part  of  the  barrier  moves  below  the  Fermi  energy  of  the  contact  so  that  the  length 
we  deal  with  for  these  resonant  states  is  the  sum  of  the  width  of  the  quantum  well  and  a 
significant  part  of  the  barrier  width.  Earlier  we  discussed  the  K-L  scheme  with  a  semiconductor 
step  forming  a  triangular  quantum  well  imder  a  large  applied  voltage  in  a  material  most  likely 
formed  by  alloying.  Alloys  are  usually  poorer  in  mobility  and  thus  having  shorter  mean-free- 
path.  Now  we  have  the  same  problem  because  our  quantum  well  under  a  large  voltage  consists  in 
addition  to  the  quantum  well  part,  a  part  of  the  barrier.  For  this  reason,  it  is  far  better  to  have  as 
large  a  barrier  as  possible,  which  cannot  be  transformed  into  a  quantum  well  under  a  large 
electric  field.  A  wider  barrier  width  but  lower  barrier  height  presents  extra  effective  barrier  at 
low  field.  However,  at  high  field,  much  of  this  extra  width  has  a  band-edge  energy  moving 
below  E=0  so  that  electrons  turmeling  through  the  vacuum  barrier  see  a  much  lowered  vacuum 
level.  This  is  the  mechanism  for  the  lowering  of  the  effective  work  function  regardless  whether 
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having  resonance  or  not.  Resonance  results  in  additional  gain  in  the  tunneling  process.  To  make 
this  extremely  important  point  clearer,  we  show  in  Fig.  9  a  schematic  used  for  explaining  the 
origin  of  the  large  tunneling  current  at  high  field  -  effectively  lowering  the  electron  affinity!  A 
bias  of  +Va  is  applied  in  Fig.  9,  producing  a  vacuum  electric  field  of  which  effectively 
lowers  by  A(|)  =  Fo(b  +  w)  /  £  from  (|)o.  Obviously  making  b+w  large  is  what  lowers  the 
effective  cj).  However  if  w  +  b  >  mean  free  path  of  the  electrons,  the  electrons  would  be  near 
Ec,  and  no  reduction  of  (jio  is  possible.  Therefore,  the  additional  gain  in  tunneling  results  from 
electrons  resonantly  tunnel  via  higher  energy  levels,  the  vacuum  resonant  states  above 
(J)o,  lowered  to  the  position  of  the  Fermi  level  in  the  contact.  In  this  scheme,  the  1'*  barrier 
merely  serves  to  keep  the  high  doping  in  the  contact  from  going  into  the  undoped  regions 
which  can  be  lowered  by  an  applied  electric  field.  In  this  respect,  the  scheme  explored  by 
Mumford  and  Cahay  using  hot  electrons  injected  from  a  metal  into  a  wide  bandgap 
semiconductor,  resonantly  tunnel  through  a  thin  semimetal  layer  to  effectively  lower  the  work 
function  bears  similar  principles.''*  Only  that  our  present  results  show  that  a  much  simpler 
scheme  for  the  lowering  of  the  work  function  is  possible:  injecting  electrons  into  the 
quantum  well  maintaining  its  energy  by  avoiding  scattering  to  resonantly  tunneling 
through  the  quantized  vacuum  states! 


I X 


Er< 


-FVai 


Ef) 


FIG.  (9)  A  schematic  potential  profile  for  the  DBRT  structure  under  bias  of  +Va.  Note 
that  the  work  function  (j)o  is  reduced  by  A(j)  ~  in  the  figure. 

The  computed  currents,  the  total  current  density  jj,  and  the  hot  current  density  Jh,  for  7  nm  case, 
lower  trace;  and  those  for  10-5-7  nm,  the  upper  trace,  using  Si  as  an  example,  are  shown  in  Fig. 
10.  Note  that,  at  a  field  of  ~  1.5  x  lO’  V/cm,  the  10-5-7  case  reaches  ~  lO^A/cm^,  which  is  more 
than  lO'^  times  greater  than  the  case  of  7  nm,  without  the  lowering  of  the  effective  work 
function.  Therefore  our  results  not  only  can  serve  the  INE  cooling  scheme,  but  also  can  serve 
many  applications  requiring  cold  cathodes.'^’ 
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Ev  (V/ctn) 


Fig.  10  Computed  currents,  total  current  density  jj,  and  hot  current  density  Jh,  for 
7  nm  case,  lower  trace;  and  for  10-5-7  nm,  the  upper  trace,  for  Si.  The  two 
arrows  indicate  the  positions  we  have  calculated  the  temperature  for  cooling. 

For  better  visualization,  part  of  the  computed  results  is  shown  in  Fig.  1 1  with  linear  scale  for  the 
total  current  densities.  The  oscillations  are  much  better  shown  in  a  linear  plot.  It  is  possible  to 
utilize  the  oscillation  for  modulation  of  field  emission,  for  example,  turning  on  and  off  of  a 
TWT.  In  fact,  these  oscillations  may  be  also  used  to  digitize  the  output  of  a  TWT.  It  may  also  be 
designed  with  a  two-step  scheme,  one  at  much  lower  field  for  digitization,  and  amplified  by 
another  high  power  TWT. 

A  discussion  on  the  placement  of  the  anode  is  in  order.  Since  barrier-width  is  reduced  by 
creating  a  triangular  barrier  with  an  applied  voltage,  as  long  as  the  effective  barrier  width  at 
energy  for  tuimeling  is  same,  it  does  not  matter  how  far  away  the  anode  should  be  placed. 
Farther  placement  of  the  anode  results  in  more  kinetic  energy  gain  after  tunneling.  Since  we 
assumed  that  this  extra  gain  in  the  kinetic  energy  may  be  recovered  by  the  Pierce-electrode,  we 
simply  place  the  electrode  sufficiently  close  to  reduce  computational  complexity.  In 
measurements  however,  it  is  difficult  to  design  the  anode  extractor  only  7  nm  from  the  front 
surface. 

The  barrier  height  used  in  our  calculation  is  0.5eV  for  silicon  may  be  achieved  by 
epitaxially  grown  (BaxSri-x  )2  O3,*’  as  well  as  recent  success  in  a  superlattice  structure  involving 
monolayers  of  oxygen,  the  Si/0  superlattice  barrier.'*  Therefore,  the  calculation  using  silicon  as 
an  example  is  not  just  to  prove  the  principle,  rather,  the  structure  may  be  realized.  Actually,  the 
Ill-nitride  system  seems  even  more  promising  because  GaN,  particularly  GaAlN  is  robust  and 
possibly  having  low  work  function.  To  summarize,  at  a  tolerably  high  electric  field,  the  me  of 
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resonant  tunneling  can  indeed  produce  a  huge  gain  infield  emission  over  the  case  without 
resonant  tunneling  even  without  surface  treatment  to  lower  the  work  function! 


Fig.  12  Oscillations  in  the  resonant  tunneling  current  at  high  field  for  two  cases. 

For  practical  considerations,  we  focus  our  search  for  the  design  of  getting  a  relatively 
high  current  peak  at  a  field  in  the  low  lO”^  V/cm  regimes.  According  to  Heinz  Busta,  formerly  of 
Sarnoff,  and  Professor  Binh  of  France,  a  field  of  2xl0’  V/cm  may  be  a  practical  limit.  Our 
calculations  do  show  that  proper  choice  of  design  parameter  allows  us  to  keep  the  electric 
field  at  the  surface  to  this  limit. 

Calculation  of  Cooling 


For  the  calculation  of  the  temperature  drop  from  the  INE  scheme,  we  start  with 


(7) 


where  the  right  side  represents  the  sum  of  dissipation  -  output  via  emission,  explicitly, 


SQ  —  (  I^R)  loss  ■  (  Jh  V  )emission  • 


(8) 


At  steady  state  and  in  one  dimension,  — ^  =  0 .  We  assume,  for  a  first  order  approximation, 

dt 
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—  »  0 ,  leading  to  — -  »  0 ,  or  SQ  =  0.  Without  these  assumptions,  we  need  to  solve  the 
dx  ’  dx 

differential  equations.  In  terms  of  the  loss  per  electron  per  unit  area  for  the  first  term  in  Eq.  (2), 
and  the  emission  term  per  electron  per  unit  area  for  the  second  term  in  Eq.  (2),  there  results 

Jr^  p  £  /  Nc  exp  {(Ef  -  Ec)  /  ke  T}  =  Jh  V/  n,  (9) 

in  which  Jt  and  Jh  are  the  total  current,  (integration  form  E  =  0  to  oo);  and  the  hot  electron 
current,  (integration  from  E  =  Ef  to  «),  respectively;  V  is  the  applied  voltage,  (anode  voltage 
applied  in  the  vacuum  near  the  surface),  p  is  the  resistivity  of  the  semiconductor,  £  is  the 
thickness  of  the  semiconductor,  n  is  the  electron  density  of  the  semiconductor  (The  barrier  and 
quantum  well  are  undoped.),  and  Nc  is  the  effective  density  of  states.  Then 

kBT  =  (E-EF  )/ f  n{(JHV/j/p  f  )(Nc/n)}  .  (10) 

To  account  for  the  Wiedemann-Franz  law  relating  the  thermal  and  electrical  conductivities,  i.e. 
K/  a  =  (ix  ke )  ^  T  /  3e,  the  term  Jh  V  should  be  reduced  to 

Jq  s  JHV-0.1kBT(JT /e), 

where  Jq  ,  is  the  power  flow  of  hot  electrons  into  the  vacuum  taking  into  account  the 
Wiedemann-Franz  law.  Including  a  thermal  load,  Eq.  (10)  becomes 

kBT  =  (Ec-EF  )/ f  n{(JHV/(JT^p  f  +Thermalload)(Nc/n)}  .  (11) 

At  the  DARPA  HERETIC  Principal  Investigators’  Meeting,  Atlanta,  GA,  on  May  23-25,  2001, 
we  have  presented  the  temperature  cooling  for  three  materials,  Si,  GaAs  and  GaN,  in  a 
presentation:  “Inverse  Nottingham  Effect  Cooling  of  Semiconductors  With  Resonant 

Tunneling”.  At  that  time,  we  have  used  a  good  estimate  of  the  effect  of  resonance  on  Jh,  from 
known  results  of  resonant  tunneling  for  contact-to-contact,  rather  than  direct  calculation 
involving  putting  an  anode  in  the  vacuum.  Table  1  presented  at  the  HERETIC  Meeting  is  listed 
below  for  comparison. 


p-type  with  Inversion  :  Na’  =  10^*  cm'^ ,  Cm  (Brown)  -  0.013  ,  Cm  ( Chang-Esaki- 
Tsu)  =  10  “*;  A‘*  (  Si )  =  0.29,  A'’(  GaAs  and  GaN  )  =  0.44 


ns(cm'^) 

Jn  (W/cm^) 

JoCC) 

Nc  /  ns 

T(K) 

Si 

1.8  X  10‘* 

360 

324 

22.6 

296 

GaAs 

4.6  X  10" 

1280 

1042 

1.02 

150 

GaN 

3.8  X  10*’ 

1030 

962 

6.8 

187 
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n-type  :  Same  values  for  A  *  and  Cm  as  for  p-type  with  inversion 


Si 

nsicm  j 

1.01  X  10** 

325 

V'-  J 

303 

40.3 

299 

GaAs 

2.02  X  10^^ 

880 

843 

2.33 

138 

GaN 

0.99  X  10*’ 

1900 

1723 

2.6 

107 

Table  1.  Computed  Cooling  power  Jq  for  p-type  with  inversion,  and  n-type:  for  Si, 

GaAs  and  GaN  using  an  estimation  scheme  from  resonant  tunneling  from 
contact-to-contact  taken  from.** 

The  parameters  in  the  above  chart  such  A‘*  and  Cm  is  defined  in^Ref.  2.  We  compare  several 
cases  shown  in  Table  2  with  direct  computation.  The  notations,  1**  ,  and  2"''*,  refer  to  the  points 
of  operation  marked  by  arrows  in  Fig.  10.  For  F-N  field  emission  with  a  single  barrier  formed  by 
the  vacuum  level  under  an  applied  field  at  the  same  operating  points.  Top  chart  is  for  the  case 
without  the  thermal  load.  The  bottom  chart  refers  to  thermal  load  of  300  W/cm^  Without  thermal 
load,  there  is  always  cooling,  even  for  the  F-N  case.  What  it  means  is  that,  without  thermal  load, 
as  long  as  one  takes  out  the  hot  electrons,  cooling  should  result,  regardless  of  how  low  is  the 
current  level!  This  is  because  we  have  not  included  any  losses  in  the  calculations.  In  these  charts, 
NA  refers  to  situation  that  our  theory  does  not  apply  or  no  cooling  is  possible.  The  situation  is 
very  different  when  thermal  loss  is  included.  With  the  inclusion  of  300  W/cm^  of  thermal  load, 
F-N  emission  cannot  cool  because  the  remover  of  power  via  field  emission  is  less  than  the 
thermal  load.  What  is  interesting  is  the  fact  that  there  is  an  optimum  cooling.  Going  from  the  1®* 
to  2"'*,  while  Ph  is  much  increased,  but  cooling  is  reduced  because  the  loss  due  to  current  flowing 
through  the  substrate  is  even  higher.  We  shall  also  compare  the  results  for  Ph  obtained  previously 
with  the  present  direct  calculation:  Previously,  Ph  ~  325  W/cm^  while  the  direct  calculation  gives 
2442  W/cm^.  What  is  most  encouraging  is  the  fact  that  a  cooling  of  103  K  is  still  possible 
with  300  W/cm^  of  thermal  load,  employing  resonant  tunneling  operating  at  an  electric 
field  ~  1.5x10’  V/cm,  which  is  manageable  in  practice. 


Without  Thermal  Load 


Pl 

(W/cm^) 

Ph 

(WW) 

T 

_ (I9_ 

AT 

(K) 

Resonance 

ist 

* 

40 

2442 

143 

157 

2^ 

* 

22563 

67450 

233 

67 

Without 

Resonance 

ist 

* 

6.29x10’ 

24 

6.62x10’ 

11 

33 

267 

2^ 

♦ 

9.80x10’ 

19 

8.38x10’ 

8 

39 

261 
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With  300  W/cm^  of  Thermal  Load 


Pl 

(W/c 

m") 

Ph 

(W/cm^) 

T 

(K) 

AT 

(K) 

Resonance 

jSt  :jc 

340 

2442 

197 

103 

22863 

67450 

233 

67 

Without 

Resonance 

j[St  * 

300 

6.62x1  O' 
11 

NA 

NA 

300 

8.38x10' 

8 

! 

NA 

NA 

Table  2.  Results  of  direct  computation  for  tunneling  into  the  vacuum 


The  term  Pl  refers  to  the  contribution  of  loss  from  Jt^  p  ^  ,  which  is  quite  negligible  compared  to 
the  thermal  load  used  at  the  operating  point  1®*,  however,  the  loss  is  huge  at  the  2"^  operating 
point.  The  term  Ph  refers  to  the  rate  of  energy  removed  via  field  emission  of  the  hot  electrons 
above  the  Fermi  level. 

Discussion 

Our  calculated  results  show  that  INE  can  be  realized.  What  is  exciting  is  the  fact  that 
resonant  tunneling  into  the  vacuum  gives  -10^*^  times  higher  emission  current  over  the  case 
without  resonance  at  an  electric  field  quite  manageable.  Even  if  INE  cooling  scheme  is 
ultimately  proved  to  be  impractical  due  to  the  difficulty  with  the  Pierce-electrode,  the  huge  gain 
in  the  emission  current  should  have  a  strong  impact  in  cold  cathode  vacuum  electronic  devices. 
Since  the  DBRT  structure  is  planar,  it  should  be  much  more  robust  than  geometrical  structuring. 

As  pointed  out  before,  the  low  field  emission  reported  by  Binh  and  Adessi,  require 
further  discussion.  First  of  all,  inserting  Ti02  between  the  metal  and  the  vacuum,  structurally 
their  scheme  is  similar  to  the  K-L  scheme  shown  in  Fig.  2.  The  calculation  in  the  K-L  scheme  is 
based  on  resonant  tunneling,  which  takes  into  account  the  quantized  sub-bands  in  the  well 
created  by  the  applied  high  electric  field.  However,  if  losses  and  dampings  are  high,  quantized 
sub-bands  cannot  exist  so  that  the  two  models  are  structurally  identical.  The  question  remains 
why  Binh  and  Adessi  measured  low  emission  current  at  such  low  electric  field.  Heinz  Busta 
thought  that  the  low  current  field  emission  comes  from  defects  inadvertently  introduced.  It  is 
likely  that  the  high  dielectric  Ti02  results  in  “smoothing”  the  localized  defects  rendering  the 
appearance  of  more  uniform  emission.  We  have  calculated  the  K-L  scheme  from  Eq.  6  using  the 
same  parameters  as  in  Ref  3.  The  total  current  density  is  compared  with  our  model  as  well  as  the 
F-N  case  without  resonant  tunneling  in  Fig.  13.  Note  that  the  high  emission  occurs  at  a  field  of 
over  3x1  o’  V/cm.  As  we  have  pointed  out  before  that  usually  the  mobility  of  a  step  using 
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alloying  is  much  reduced  so  that  losses  should  be  included.  Nevertheless,  it  is  impressive  that 
such  a  simple  structure  with  a  step  is  capable  of  producing  a  current  less  than  a  factor  of  ten 
below  the  DBRT  case! 


Fig.  13  Comparison  of  the  total  tunneling  current  density  between  the  K-L  scheme,  our 
DBRT  case,  with  the  F-N  case  without  resonant  tunneling. 

The  large  gain  in  the  tunneling  current  compared  to  the  case  without  shown  in  dotted  is  again 
due  to  the  lowering  of  the  effective  work-function.  The  additional  gain  between  2.75  -  3.3  x  lO’ 
V/cm  is  due  to  resonance  gain.  We  have  computed  several  cases  for  GaN  -  AlGaN-GaN  system, 
seems  to  be  the  best  possible  choice  for  high  current  emission  discussed  previously.  Figure  14 
gives  the  calculated  total  current  density  vs.  electric  field  in  the  vacuum  for  GaN-Alo.5Gao.5N- 
GaN  with  b/w/B  cases  as  shown.  A  single  vacuum  barrier  of  2nm  is  also  shown  for  comparison. 
The  effective  mass  for  the  barrier  and  quantum  well  are  taken  to  be  0.22  mo  and  the  barrier 
height  is  taken  to  be  0.8  eV.  The  internal  build-in  field,  ~  2-3.6  x  10®  V/cm,  has  not  been 
included.  The  calculated  current  density  near  a  field  of  1.5  X  lO’  V/cm  is  lO'*  A/cm^. 
Considering  the  robustness  of  the  Ill-nitride  system,  this  is  the  best  choice  thus  far.  In  fact  we 
predict  that  the  ideal  emitter  may  be  achieved  by  adding  a  second  barrier  of  few  monolayers  of 
AIN  at  the  surface  of  GaN  both  as  a  protection  against  oxidation  as  well  as  for  further  lowering 
the  effective  work  function.  Such  a  system  cooperating  at  a  reduced  temperature  (The  field 
emitter  will  be  self-cooled  by  the  INE  cooling  process.)  will  be  an  ideal  cold  cathode  for 
TWT  and  other  applications  requiring  high  current  protected  from  oxidation  of  the 
emitter. 


17 


ARO/DARPA  Final  AMXRO-ICA  40067-EL  DAAD19-99-0I54 


Fig.  14  Calculated  total  Cvirrent  Density  vs.  Electric  Field  in  the  vacuum  for  GaN- 
Alo.sGao.sN-GaN  with  b/w/B  cases  as  shown.  A  single  vacuum  barrier  of  2nm  is 
also  shown  for  comparison.  The  effective  masses  for  the  barrier  and  quantum  well 
are  taken  to  be  0.22  and  the  barrier  height  is  taken  to  be  0.8  eV.  The  internal 
build-in  field,  ~  2-3.6  x  10^  V/cm,  has  not  been  included. 


Conclusion 

Let  us  discuss  what  is  universally  known  in  the  field  emission  community.  Most  researchers 
agree  that  for  a  field  >  2xl0’  V/cm,  the  usual  Fowler-Nordheim  emission  would  result  in 
substantial  emission  current.  At  a  significantly  lower  field,  work-function  lowering  such  as  Ce 
on  Si  so  that  usuful  emission  can  take  place  much  below  1x1 0’  V/cm,  for  avoiding  surface 
degradation.  Our  samples  measured  by  Heinz  Busta  at  Sarnoff,  as  well  as  the  samples  from  KL 
method  designed  by  Kostantin  K.  Likharev  and  fabricated  by  Wiley  P.  Kirk  (Texas  A  &  M 
University)  using  ZnS  on  Si  and  measured  by  Vu  Thien  Binh  (Laboratoire  d'Emission 
Electronique,  Departement  de  Physique  des  Materiaux,  UMR-CNRS,  Universite  Claude  Bernard 
Lyon  1)  showed  structure  in  emission  current  at  field  of  -1x10®  V/cm  or  lower,  which  may  be 
caused  by  some  inadvertently  introduced  surface  contaminants.  What  we  know  now  is  the  fact 
that  the  main  factor  in  obtaining  significant  emission  ciurent  at  relatively  low  applied  electric 
field  still  needs  low  work-function  at  the  surface.  Since  work  function  lowering  has  been  an 
intensive  research  for  more  than  30  years,  we  want  to  see  whether  it  is  possible  to  design  field 
emission  via  resonant  tunneling  without  work  function  lowering,  capable  of  producing 
substantial  emission  at  an  electric  field  below  IxlO’  V/cm.  We  are  reassured  that  calculations 
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show  that  it  is  indeed  possible!  Resonant  tunneling  not  only  can  improve  transmission  by  a 
mechanism  similar  to  photon  resonance  cavity,  the  appearance  of  higher  energy  sates  due  to 
quantum  confinement  effectively  lowers  the  work  function  at  the  semiconductor  vacuum 
interface.  Even  if  INE  cooling  would  be  too  difficult  practically,  the  huge  increase  in  the 
tunneling  current  into  the  vacuum  would  open  the  door  for  vacuum  electronics  with  efficient 
cold  cathode.  Recently,  we  have  fabricated  two  samples,  one  with  Si  and  a  second  one  with  GaN 
for  measurements  in  V.T.  Binh’s  laboratory  in  France.  Preliminary  results  indicated  that  the  huge 
enhancement  in  the  resonant  tunneling  current  into  the  vacuum  is  close  to  predicted  value.^’ 
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Unexpected  Dividend 

The  success  of  the  cooling  scheme  depends  on  how  successful  to  pull  electrons  iBrom  the  semiconductor  to 
the  vacuum.  What  is  most  satisfying  was  a  phone  call  I  received  from  Professor  Binh  that  something  is 
wrong  with  the  sample  and  calculation,  that  the  measured  exceeded  the  calculated  by  a  large  factor!  I 
immediately  realized  that  the  work  function  at  the  surface  has  been  further  lowered  by  the  space  charge 
occupying  the  quantum  states.  However,  there  is  no  way  to  get  the  field  low  enough  to  match  the 
measured  unless  we  assume  that  the  electron  occupying  the  ground  state  of  the  quantum  well  has  actually 
moved  below  the  Fermi  level  at  the  contact  so  that  the  sub-bend  is  fully  occupied,  resulting  in  a  large 
space  charge  as  shown  in  the  figure  below.  We  solved  the  system  self-consistently  and  found  that  the 
effective  work  function  is  further  lowered  by  almost  leVI 


Figure:  Illustration  of  the  different  field  emission  mechanisms  by  a  schematic  band  edge  diagrams  of  the 
nanostructured  SSE  planar  cathode  with  an  applied  field  F  and  at  room  temperature,  (a)  only  resonant  tunneling 
mechanism;  (b)  to  (d)  evolution  with  space  charge  formation  inside  the  GaN  layer  with,  as  consequence,  an  effective 
lowering  of  the  surface  barrier.  In  addition  to  the  resonant  tunneling  and  due  to  the  occupation  of  the  quantum  state 
El,  electrons  occupying  this  state  (for  example,  whenever  the  level  Ej  moves  below  0)  can  tunnel  out  of  this  single 
barrier  via  the  usual  F-N  tunneling,  resulting  in  Jsc  (Fig.  3c),  and  the  total  cuirent  JpN  -  (Jrt  +  Jsc)-  (Notes:  (i)  to  be 
able  to  present  these  band  diagrams  within  this  figure,  the  field  representation  is  not  at  the  same  scale  inside  the 
cathode  and  outside  in  vacuum  in  particular  if  one  considers  GaN  having  e  =  SEo  with  an  applied  field  in  the  range 
of  50  V/pm;  (ii)  further  reduction  from  the  induced  image  charges  due  to  the  space  charge  in  the  quantum  well  is 
not  shown  in  this  sketch). 

This  happy  ending  was  not  anticipated.  In  retrospect,  one  may  ask  why  no  one  predicted  that. 
What  is  surprising  is  the  fact  that  I  started  the  resonant  tunneling  work  more  than  30  years  ago,  and  I 
failed  to  predict  this  result.  In  summary,  now  we  know  that  the  best  way  to  bring  down  the  work  function 
is  to  use  a  quantum  well  structure  on  the  surface  of  a  semiconductor  to  create  quantum  states  boxed  in  by 
the  vacuum  level  and  a  barrier.  At  some  appropriate  field,  the  space  charge  is  shifted  up  due  to  the 
presence  of  the  quantum  states  which  are  brought  near  the  vacuum  level.  Obviously  due  to  quantum 
confinement,  there  is  a  slowing  down  of  the  process  due  to  resonant  effects.  However,  a  typical  RTD  is 
capable  of  operating  near  THz,  even  with  a  resonant  system  having  a  Q  =  100,  we  are  still  talking  about 
10  GHz  time-response.  As  a  cold  cathode,  it  should  be  fast  enough  to  modulate  emission  at  lOGHz! 

Now  I  would  like  to  attache  the  reprint  of  the  recent  publication  in  Appl.  Phys.  Lett. 
84,1937  (2004) 
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(kcc^Knirf  21  Octc'ber  2mB;  acc<jpic<t  21  Janwy  2f?i>4) 

Vxc  Isaw  niKisitrcd  Ik  field  electron  emission  (FE)  fiom  ti  surface  covered  mUii  tsve  tiliratliui! 
of  sfcrniciiiaduetor,  4  ora  HaN  on  2iim  AletOa^jN,  Tlie  dircsdioW  field  Vi'Vim.  miti  i^table  FE 
cirmml  ttenxilk's  to  3  X  1(V  *  kv'e  also  measured  the  FE  dcpemfetiec  whh  field  and 

tempcfniurc  and  ttetemtine  then  m  cfTeetwc  aurfsce  itmiiclinfi  lissrrier  eV,  cpesaidisg:  m\h  m 
circclivc  lliernia!  acitvaslon  encr^'  of -0.3^5  eV  To  interp-ret  these  cxpmmenla!  rcsplm,  we 
a  dual-hnrricr  model,  rdated  the  i^nostnictofed  la>^CTK,  v^lth  a  serial  nvo-^itfp  inwcfemlsm  for  the- 
electron  emission,  t^iking  into  sjcc-i^ml  the  sixsce  cii^njo  Avnmtion  xn  tk  ^ftrix^ore  m 

Uk.' stKrfacc.  O  [DOI;  lO.10<xVLt(>K2flJt] 


Fiiilil  electron  emission  roguirtiijg  low  dtxlHc  field  rcfv 
rcsenis  «  hig  cbflllims;.e  for  apr.fii'dtions  nmnin^  tron’i  tk  re*^ 
of  field  4:mi$$.ioa  planar  stniciur<is  through  local 
c<K^Iing  by  usiac  inverse  Nottinidiatn  C!)!}i’cl  ‘“'’  wHlioat  sur¬ 
face  ?rtntchmrig  soch  as  sktip  tips:  or  ridges.  An  approadi  by 
modlilymg  the  dectmnic  properties  of  tk  ijnkmeafh  mfnext. 
layer,  callcsl  solid-state-  fieldHMmtrsjhed  emissirst  {SSE)»  has 
been  recently  projiosed.’^  In  this  lalhtr,  w?  the  first 

expcriDtcnial  £neasi3rcn.icnls  of  electron  emission  ftom 
mnliilaycr  jinnostTUCUircd  SSE  cold  cstbodcs.  fty'  inir<xliicing 
fiscmnlfihij'cr  concept,  we  iistfoducc  more  psmnKters  for  Ihe 
c<Mitrol  file  S$H  proEcsx,,  i-seIi  as  the  hulk  inleTfiscw  l  bar¬ 
rier  in  addili,'^  !o  fiic  surface  batricr  and  the  presence  oF 
qusaiiy^ed  ssahhiiniis  due  to  the  coaSne  thickniess  of  ilie  <TUt- 
most  iay'cr,  $pceik  electron  eanissi^i  h^ss  ken  miiasnred 
from  these  caik^es,  A  new  nandel  ksetl  <m  a  dual  banter 
mecliantsni  for  deetroa  emi^tsjon  througli  the  nanrcstnicliired 
layers  is  proposed  fr<«n  1hc  intcTpreJaHon  nf  the  cxperiraealitl 
■data. 

We  show  Ik  actiiJil  sinxcttire  of  iIk*  catbok  to  Fig.  I{b). 
The  sinicnire  was  depp,sitcd  on  »»S-iC  it?ing  low^fressiire 
im^alofgjmic  okmical  V'apor  ^position.  Tfifncthylahunb 
num,  cnn^fiiylgathum,  silime,  ainf  NHj  w*ere  uscvf  as  the 
pre<turs<irs.  First,  a  0.t5*jAra4h3ck  $i*doped  AlGaN  layer 
wills  AbtM!«iiciii  graded  from  4(1%  to  15%  was  kposiied  m 
tlic  SiC  substrate.  It  ?5erv\?d  iht  conducting  huiler  hyct 
'Ibis  Vfss  Iblinwed  by  ft.25  /mi  a<3aN*,  2  iitTi  «-Alo,-5Ci%iN 
aiul  4  nm  undoped  CkN.  The  Si-dopiag  levxd  in  all  the  doiied 
layers  was  about  2  X  cm'  and  Ik  fintokd  snirfiice  wus 
chijn:iolen2:ed  to  be  atomically  smoofii  by  aicimlc  force  mi- 
erftscape  Xhe  whole  surpico  of  the  cathode  having  a  lolal 
area  of  alioui  1  cm". 


1‘>  vriitim  «!4Tpft«p>:'&3cniv  rfwMiW  «5Jrtiis«3;  mnil: 


Tlh>  knd  edge  kagram  of  llii.5  njinoshuchirod  layer  e^sth- 
<sk!  [Fig.  Ife)]  pfcscnSed  Ibesa  eordhie  layer  of  4  nra  linihed 
by  a  fel  burner  Ffr|*“0.SeV  the  mlerfiice  of  wifii 
AI,i,.^Cr%K:K  pud  a  second  barn.cr  U5  eV  iil  ihe  ealh^i^dc 
is^rfiioe  of  OaH  with  vacumn,  m  the  sbi:^*noc  of  gj^^pliod  elec- 
xrie  fidd, 

Ut  us  iirat  pm53ent  tk  expertoi«t1  jxKia.stiromcfiss.  Ilic 
i-K  mcasuAUTKids  were  witli  a.  jias^jivdnvtjn 

scanning,  anode  field  cm'$^lm  m'icrctscape  [5fJ?AF}iM.b— Fig, 
l{b)]/  The  wMe  mst  of  (ktsi  (i--  obi^toed  for  kl^ereut 
•wahie^  of  s  in  Fig.  2)  were  pnalyxed  using  electron 
<sjvde.s  isnmcrieol  TOdstions  {feis  analysis  kmiled  ifn 
RcT  5)  in  order  to  '\mCt  for  each  looitl^^n  jil  the  surte 
cafiHule  and  -a  ti^tnpcr^stim  m  tmicpic  F  plot 


Fkii.  X.  >^iw«lriiirisjreil  ls),^n  «f  ihc  c li&I  ca'ho.f?.  f*)  Him!  edp?  thjjjrarti  in 

!i3>Mihifcaiv7tf  ci jin*tfcnid  fklric  Jiel/1  f Jjj  jbiu!  1-^1 2fi\  i«*p«Lv 

tivdy.  firi  Iksi  anti  f  h;vm««;  fvj ,  £y  »rc  av^rny  of  wjtjtwrKij 
intinE  U«|*  Sictieniwsii'  5in>:lMr*  of  llu?  ^jiUlvtuf  t'f 

c»lh^3ife*  VTliiin  l-M  4!n\'irwisrr?ta. 


G0&3^6B5tu?D0ai^14/nVt9:JCTi;22.l>2  2024  AisTicsricw)  Sn^)lihl1c  dT  Ph>«icii 

1  \  ?r4-*  k‘a4  1  a.4;.21  il..'86  UO-  lictfi&irtlbtJijDn  So  AlP  ilc^rtiso  tu  a«b 
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AppI,  Le«..  «4 ,  Ifo,  t1 .  15  Mwdi  2a0>t 


'  W  85  W  »5  1O0  105  110  115  110 

HG.  ±  BpEiiwann  tWiiS  wllto  «dail  Add  F  al  litc  jaarfetj^cif 

Ihe  !ji&w*«ctur&5  $SE  cotliodc  at  150^.  lc^  «s  Ihi  nf  a 

jHiHcai  tab!  icni«kxa  f Ibi?  of  AaE&ctjiriiiii:  2  ^  1l»^  Xb 

ilkti  Bwsrt  m«  plots  lolal  eiBbtsloii  cumstJ  X  w  BpfSie*!  vnltitp 
y^,  for  m  dwttiiiicy  r  iK?t»»TSTO  |be  aoi5rf«  !«sd  1]i£  cnilmdc.  tl« 

ttrcv^a-l^niaj  of  ult  ihc>  f-  V  tStln  tuwird  ii  pin?  fcr  diffe/cfil  z 

vttlittst  3f  oossfirniatiim  of  lJy>  oxredotsi!  o^^^  -afnissliHi  ina3s«n«>2nh5 
«^3  nni^jif  fR^f  5^.  From  <lui»;  dsfe.  pfotSmn  \:s  VF  ♦ 

st£s^  r«»c,  wliidi  msjmi  a  1^  Miw’w  iisr  tlic  ctnii^iien  chwn;::tcri5tlc*. 

(Fijg.  il  J\u,i  3«  mcaisamid  emtssion  ^fcnjsHy 

aiul  F  IS  5hc  fclat^Jd  r-cal  fidd  xii  ilic  surnssiD  cvf  Uh:  plaiw 
calbi5i1e,  1^'  iJxi^^.,F}  yjOucs  obtained  cemtd  tiicn  1>^  «$m- 
par^d  wjlb  dieorelkal  vitltiCjc  tis^d  in  t!ie  diflqnaai 

{inafytica!  app^aaebijs. 

Wi’  ilonc  measxtrcmcnts  for  dtffeienl  kjottLms 
across  die  caihodc  and  tor  rcmpcnaii^es-  Tlic  enas- 

Btors  cliaractiensiics  prwenicd  m  ilie  fcrllowmig  \sxivc  Ciicnni<»i 
U>  alt  idlest  me;isyrc£nenlB  «nd  ma  tei  \k  e^jnsidertn!  tts 
BpcciXk  lo  fills  jirjnostnieiured  SS  R 

(!)  X’or  a  given  tciniieraiture,  tbs  e^oliitinn  pr<t- 

senlcvi  Ibc  followiEig  thrm  nbiin  cfetiTJictcrlstic?:  03 
Uirc^dvftld  field  for  A^ctvr  m  tbe  range  of  5 

KlO^'-l  X  U}^  V/cm  at  R>4m  scmpemuifc.  tlus  I'lildc  Is 
^L\mn  ffiCi  to  50  tfencs  ioss^  ifesn  tbs  convcntiorHi!  Seld  needed 
f<}C  fieki  cmbKitm  frt^  a  imrLallic  {airlace  a  work  fiaie- 
dm  of  about  4  eV.  Oi)  plots  of 

Hie  dniii  were  •draiglii  linov  die  jnererise  of  llw  ficli! 
esiiiSKion  (FH)  cinrenl  c:m  l>c  deserihed  ors  tlis  Ihtssis  af  elei:- 
tron  lunDermg  through  n  barrier  tfcrofniod  by  high  exisraal 
eleetnc-  fjcMitnown  m  die  Fowler  -Nordlieiju  (FM) 

Ibe  <lsduced  eKperlmenital  vahaes  of  die  sutineling  bamer 
height  %vsfe  in  Hie  range  of  fJ.25'"0>5  oV  ibr  the  diOsreni 


Sattiel  df 

loesHoiK,  Tlieis  no  d^Jpssifcncs  uf  wilh  lemponi^ 
nirc.  fiiC^  We  flUvin^s  3i?u$d  B  wri'  bn,5t;d  nnd  shaqi  iuiTeaw 
of  emitted  current  m  ths  high  Held  region  $n(l  for 
>:5  X 10“^  ’nds  sliarp  incKiase  enide4,  in  niosi  ousc% 

with  tl»e  destmeiioa  of  Uae  surfiice  oidhotie  due  lo  m  arc 
foTmaiion  between  tltc  oaOiode  grnd  ihe  ancKie. 

{2)  Emissioa  cumenls  were  very  imsinble  at  the 
ning  of  fhe  emtiKion  pr<>ces?,  Ilicse  mslabilifc  {Hwa)'? 
§low%-  vanishtKl  after  a  conebtio^ning  pcfriod  of  m<?re  fhnn  1  ^ 
h  of  e^mtlmwuK  cmissJon  ef  the  e^^thode  at  Hgh  surreuiss. 
After  tits  healmit  of  the  iui?{abiistie$»  tlis  emlssw^n  currents 
tiectinic  very  stable .  Wc  bitw  observed  xltese  msiabHitics  for 
8fl  cathode  icmpmitunis  ttp  to  5P0  R.  U  ^^eems  ilsen  tlsot  they 
sven?  BHrinsic  to  the  emissioti  mcelKiniism  and  were  not  tiio 
result  of  JH  ssuhice  aihsof?4'5m-de^Stirptm  process  th^^t  iviB 
modify  the  isnibiSinji, 

For  ;|i  givcji  oniisKion  area,  Hie  soiission  currents  in- 
crcasetl  willi  icmpcriitsirc  irora:  to  R.  M  Ihis  (>ehav- 

lor  camm!  be  exiilalned  by  tlie  F'N  Uicxiry  we  have  iiseil  tlie 
RIchanisnn-'Tbi^man  tn^proach*^  to  determine  tls?  cliectiv^ 
iherrsBl  aoitv^Uoai  caergj'  Tclsicd  *0  these  data*  The  deduced 

vistoes  from  the  cxpeitmcnin!  data  vam  m  tl^c  ranine  of  b.iS . 

O.p  cV  and  iltcy  \vicre  not  field  depeudeut . 

Tm  m  pouii  out  die  tw'o=cli^pictcnstk^s  of  the  licld  cmls. 
slon  from  i.l*«?  uanosintciorcd  SSE  c^Qiuilc  surtboc:  f}}  Hui 
v&Uynis  of  idle  limneling  biirrior  he,ig!it  were  in  the  uingc 

of  t) ’5-P-5  cV,  ihis  vahie  has  to  be  cnmp<red  widi  Hie 
eV  i'ahic  or  dectrnn  aHhuty  of  Q'^N.  (ii)  T'his  value  is  miscli 
jailer  Uian  die  thenriOl  jicln^^glion  Q  i*{LR-"^.9  eV) 

oblainod  from  t3»e  tcmperjiture  depcndsTse.e  emission-  'nijs 
means  tliat  the  hmnslmg  biinrier  ni  ilm  surface  is  not  tlie 
,  thennii>iiic  liarricr  N<>ie  that  Q  is  vor>^  near  the  ttoighi  of  the 
bonier  hetw-esn  the  buPer  laver  ?md  Aljj  «OaGiN  layer  ^Fig., 
I). 

1b  ucccfunt  for  this  S|iec3fie  elecmin  .cmissi^jai  from  Hie 
lEsnostnyctured  SSE  wt  propose  Ibe  tbPow^nig  sehc- 

iKaticflIly  <kscri1?ed  su  Fig.  %  in  this  model  Hie  electron 
emissmn  is  obLfmed  through  a  serial  tiS'''>>?r!ep  meehjmism 
imdcr  spplicti  Held  jumilar  fri  she  W  in  Ref  4,  In  b  ilrsi 
Step,  declnini;  are  iujecreil  in  the  CT^Nr  from  tliecatfi^Kte 
suhsr:r3te  by  tunoding  Uiroogb  the  2  ism  Al,.,.CaJi.ii>N  layer, 
Bioy  ivsti  <iceup>^  (fie  subbnnds  that  m  under  ihn  f'enmi 
kvef  creeling  x\  concenfratmn  of  elecirous  miside  the  tlaN 
Jai^u  Dm  to  Htis- electron  ef>3tocntriaiic^  <»  space  chari^e  Ibr- 
mation.  tliere  is  an  upiwd  energy  s'hifr,  vvhkti  b  scherrati* 


no.  X  murfuriioii  «niv:  dilTwcsi!  JkW  citt^sinn  JiiectiEaiwiivhy  Ximd-I  ifiljr.-^1inp-iinw  af  tK-  aiaiuMlmclHrcd  SSL  ptinBr^aliwjik  wriih  «n  mf{ilwr! 

fjelrl  F  wul  aS  rci-.'cn  UrinjwcssfUf^:  ijat  t«ib-  jcTwnar^-  iumidiiii^f  jr^idriiiiihusi;  Ibf  -  (if?  evv&jUrm  willj  lh«r  UaX  hiyiT  ttilh,  ns  n 

i^xs.^iqi'xwcc,  irii  otTc'Uii'e^  )o’;>«v:rinjj  of  (!»i  .jwrl5iC’:  feinv'r.  Ib  So  th:  ctaoiiirvt  iiiiwIiR^r  af3<l  dJHJlK  octrtijtjhiKi  of  tpimhra  sliitt?  Jij ,  fthclMTH 

oticijm'iia;?:  fills  stale  (fijr^xoinp?':,  wll4SV7^'«•lbc  kvelFi  nim^;ElKk‘»'^  r>}cai%Krrf:l  coloffiiis  waflelMirh-rr  ^1*11»^8K^wXF^v  p^^iHriig  feisedFiE' 

S  fclf  aiul  Ih.j  lotii  cur^enl  #  To  be  tiltk  In  111  Uiesfri  bsiid  Miltihi  lias;  %uf^,  ihi  jrt^ftyrrciafjiin  u  cajt  ssl  l:k‘  mne 

ftr’  calhiie  nnil  oiruiik  iH  vdrfci:afli,  hi  portktAir  if^iiis  ci3fl>a»3<;«  ’Ga5i  hii\1ji5  s  “  aa  «p{?{ic{1  fijlii  iji  Hit  ninge  ofitO  rul  fttifid' 

recHjBirfutHi  ftxjia  ilii*  iaiarebi  «nue  chswia  <5^  In  flr.vTpKV  c3iaf^j5  m  the  Vi'cU  w  niM  fiuwii  in  , 

Orj'iVslfea'^ed  11  Iclar  2C5114  to  134.jct4v9€.14&.  s-wiifcct  So  AlP  ;lic<^hi!e  w  »cfc  nlip^V^lp^:ah»-etf^apltcc^■■^^>U5^^^^ 
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c^ly  reriTK^iled 'm  Pag,  ?  with  ihe  ^rvcihition  fr<>m  (iS); 
kadijtg  10  a  r^^iivicr  k)=w<»ring  ihe  \'acqTO  kveJ  eomp^nTwl 
tc»  lilt?  Fmra  iqvcl  of  6ic 

In  this  iw^l.  Use  two  oojscomiiani  mecl^nnisnis  f<ff  the 
deeti'cm  tani’^SHui  jhe  ^escJilH^d  iiercdfter  in  (A)  and  (B); 

(A)  Ihc  ffioehHffiism  n  Ihe  tiHTJuU:^  field  cansici^m 
tlironph  a  loweib^  work  fiinetiiici,  i,e.,  the  electron?  aa» 
crniticci  hy  n  field  eini??bn  mceh^misni  from  the  ^iansized 
KUlifrnnds  insKk  ilw  thsN  qn»a'<umi 

figvire  I  (a)  show's  nvo  tpsinium  well  (QW*)  fiaie?  F^i  asid 
at  a  hms  voliagc  0.  hi  tlic  conventional  resonant  Um^ 
neling  jfpproaoli,^''^'"^  with  iIk*  applieaUnn  of  »  hm  at  V 
I 'j  ^  Uk?  psic  £  j  H  aligned  with  the  ekciron?  in  the  oontiioi 
ii\  i^cmy  0<E<AV.  lestflung  in  $)  resi^Jiam  tunnelmg.  cur¬ 
rent,  ,licn  3(a?].  There  b  a  sinali  lawyering  ni'lhe 
elYecliw  >vnrk  fimetion.  However,  thb  knvQring  hy  itself  h 
not  enough  to  allow  electron  emUsion  hy  tnniscJing  with 
holds  in  the  range  10^- 10®  and  al^i  it  eannrrt 

ttcconn!  tor  Uic  wry  Kw  veliie?  af  Use  mcn^urod  ^m- 
nefriig  harria  of  Use  nanastructgred  SSE 

In  ovir  two-step  tunncfittg  model,  a  larger  low’crhsg  # the 
woti:  fuHcUnn  diH'  to  space  change  in  tfie  QW  b  enreiaf  The 
c«igii:£:pt  i?  wlsen  this  tw^-dinicnsiwl  (2D)4d;:e  qtiantnm 
State  is  ncctjpicd  it  fesnlt?  in  a  space  diarge  in  the  QW, 
leading  to  additioail  lowering  t>f  tlse  elective  'work  frpnetion 
■  defined  hy  the  encng\'  of  tlic  si^irce  of  electron  th  the 
level  A  pfcebe  qttanmiafrve  ap|ii\wh  the  itso  of  the 

Airy  S^mciian  when  a  V(!>li;igc  b  aptised  to  Uio  strncinre,  with 
selfconsbient  isafcidaMons.’^*^^  Hawcvs-%  to  «!?ttm;ilc  the  iow^ 
erlng  <if  tl>L*  work  function  here  we  itscd  a  sknpler  appmadi.^ 
Lnv'nlving  fust  iinding  the  potentlil  do^  k*  the  space  charge 
msidc  the  2!)  quaniuin  well.  Ikang  this  eak’uhued  towering 
of  the  W'OTk  fiincUon,  iJa?  tiS5»3l  field  emission  expressiiyn 
•  derived  fatm  the  FM  Uaiorj'  is  tlien  filled  to  the  expctimen- 
tatij'  iBejtsnrcd  field  emission. 

In  ths>  fJfW  of  width  m\  ass?imiiug  ii  perfect  confiiveiT«nt, 
flje  ehanie  density  in  the  Imvesl  kvtU  £'|  is 
X(£2”’^i  )(2.‘’iv)stn^«:.v.^*ivl  where  »j**  is  die  etfective  mass 
of  the  clcetr<m  wfih  c3iangc  SoMng  the  Pois5(m"$ 
we  arrive  at  tlie  p^^ieritial  enorgy  of  the  space  charge  Tsf ,  &«r 

n  Riiy{  Ar)-!-  uw  (1 ) 

where  tuid  n  is:  iho  ^fidccirsc 

c^ioistant. 

The  jnaxh'niim  value  i^f  b  at 
«^tTkl5/>i'y<ln**Xi  ?r  "^4-fi.25L  and  Ihc  avicrage  of  Fs- 
s=rsj^av|“a^.<^2x  I'sd,  ,  Taking  ihe  wernge  ofilu?  dif¬ 
ference  loweiing  of  the  W'oxk- 

function  A<h=:T'\;2— d\.{|  as 

The  cfieeth'-e  harrier  Ifi*?  aehMl  Kinrier  st  Uk  stir- 
f^ce  afief  ilic  lowering  and  can  he  deterniujcd  expcrimenlallY 
friini  Uic  iJ^  ,-  plms^  ijc^ 

I'^sr  m  eshniaiion  of  A<h  w'e  hav'e  taken 

^ir  GaN,  R^:fwf2]«'‘hdeV,  p>.5xfFtii‘>-F«>)] 


*“tl62  cV,  and  eV,  This  gives  145  eV,  a.e,, 

^e«“0-45cV  for  Tins  cakniiated  0;*t5 

eV  for  Ihe  effiJcUvc  jnirfitce  toner  m  my  mvir  fre  jcxpch* 
mental  vshaes  4>^.  mcamtred  from  the  pUm,  which 

vpcm  an  Ihe  range  of  0^5-4,53  eV, 

Ihcrefore,  we  coischade  Usat  after  Ihe  occupataon  of  tlic 
qifcintiim  leve!  for  the  iidectron  in  Ihe  state  Jl?|  tying  below 
the  hmueting  omreni  1>  gMm  hy  the 

1^  nmneling  ihTongh  n  single  tstf^mer  eioated  hy  ilitc  v^cunm, 
with  an  effective  harrier  of  oal>^  ^  few  tent.te>  an  ekeirnn  v\Ut 
[Hg,  3fi11|-  This  iowcTied  barrier  m  Um?  sitrfacc  conmds  the 
variation  of  the  cmitiud  carren?  with  field, 

{11  j  Tlie  seop'nd  rocehanism  nrcitrs  tor  elevated  icmpora- 
Hires,,  i:^T>M  eV,  what  tuyi  etorons  can  jmnp  over 
Ihe  find  hairier  located  bciwuim  .die  condneSrve  sohstmk  and 
Ihe  Al>^5Ci3rjjjK  uUffitliln  Jayvjr,  As  She  »2C^’)od  bamer  at  Utc 
Stjrface  is  fM-S  tlyia  (15  cV  due  t^  ^ice  charge)  lhe«;e 
ckclroiss;  will  eiTiit  dirccUV;.  given  .  This  fir^  haririer  coisr 
m]s  tl«  imrlattoei  of  file  emitted  iTirrerit  Jm  w^sTh  lompcru- 
lure. 

In  this  diail^Kmricr  moiki,  the  measured  u^m!  omissHin 
currenl,  will  he  Ute  sum  of  Mi  contcibutU^is, 
'“•/'Ffj'F/xH-  Ural  we  toe  raad'S  ngmcric^i  siainfiations 
in  iXikr  to  confimt  Shut  in  «Hir  ca^fc  h>^  UJUng  we  can 
toeitlalc  vdth  good  acctmicy  cHIkt  A^m  pr  Q  W  rc^ 
^ciivcly,  to  plois  venous  lifhl  ^nd 

mm  (1)7), 

:fo  cojicfusion,  we  have  show  m  Utis  Imcs  fhai  a  nam> 
stnrctiired  $ISE  idUruir  cathode  gtve^  llifC  possibiHiy  to  cotitroS 
She  clfecfrv^  surface  hsiTier  for  dociron  emission  hy  moiti- 
loring  Ihe  sjtacc  dtarg^e  of  an  ultnithm  |it  the 
ssirfiioe.  Compared  to  one-ljiycr  by  usmg  a 

«nihna>vr  nanrwJrpcfiiin.^d  we  have  added  the  p«>sslhnity 
&r  ii  fioc  control  of  U^*  s|wcc  charj^'e  value  'ttiih  Use  profanco 
ij€  suhlxiods  in  the  Q\V.  Mortarver,  tl^c  prtTiCitce  ^f  Ihe  .firnt 
barrier  in<hices  a  sep^tration  he^^wcen.  file  Ihcirmionic  pmcess 
from  (lie  ikld  emission  process  which  b  conlrolied  fry  tSic 
second  barrser  til  Uie  sisrS^ce.  Tliis  l&sl  possibility  rniisl  eiw 
forte,,  fix  example,  Uie  cemrol  of  ibe  pooling  preptss  by 
inverse  Nouinglinjn  f>roeeas;^'^ 
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